Introduction {#S0001}
============

Breast cancer is one of the most common cancers in women and accounts for 30% of all cancer diagnoses.[@CIT0001] Although great advances have been achieved in the treatment of breast cancer, it is still the second leading cause of cancer-related deaths in women. Conventional chemotherapy drugs can effectively kill the bulky breast cancer cells, but breast cancer stem cells (BCSCs) in tumor tissues are resistant to these chemotherapy drugs. Moreover, several reports have demonstrated that non-CSCs can be converted to CSCs spontaneously and stochastically.[@CIT0002]--[@CIT0005] Thus, it is necessary to eradicate both bulky breast cancer cells and BCSCs to achieve better therapeutic efficacy in breast cancer. Similarly, in our previous study, we have shown that combined therapy to target both liver cancer cells and CSCs could increase the therapeutic efficacy in liver cancer.[@CIT0006]

The isolation and identification of BCSCs are critical for the targeted therapy of BCSCs. It is believed that CD44+CD24-/low phenotype cells in breast cancer are BCSCs. For the first time, the tumorigenic cells with CD44+CD24-/low lineage were identified and isolated in eight out of nine patients by Al-Hajj et al[@CIT0007]. However, the isolation of CSCs using cellular biomarkers has several limitations.[@CIT0008] Firstly, cellular biomarkers may be damaged by enzymes, which digest tumor tissues. Secondly, the survival rate of the isolated cells from flow cytometry is low. The spheroid colony formation is considered an effective way to isolate CSCs. Ponti et al and our previous studies have successfully isolated BCSCs with CD44+CD24 phenotype from MCF-7 breast cancer cell lines by the spheroid colony formation, and MCF-7 mammospheres (MCF-7-MS) was found to exhibit enhanced tumorigenesis compared to MCF-7 cells.[@CIT0009],[@CIT0010]

The common strategy for targeting both cancer cells and CSCs is the cocktail strategy, in which chemotherapy drugs and anti-CSCs drugs are physically mixed and then administered. However, these strategies have two obvious disadvantages. Firstly, the interaction between these two drugs (synergistic, additive, or antagonistic effects) has not been evaluated and optimized in these studies.[@CIT0011],[@CIT0012] Secondly, the pharmacokinetics, tissue distribution, and cell membrane penetration ability of different drugs are diverse. Therefore, the ratio of drugs will be uncontrollable after they enter the body and drug uptake at the tumor site is inconsistent. Therefore, the strategy for targeting both cancer cells and CSCs needs to be improved by delivering synergistic ratios of chemotherapy drugs and anti-CSCs drugs to cancer cells.

Nanomedicines are new nano-drug delivery systems, which provide a new solution to the problem of a drug combination strategy. Compared to common drugs, nanomedicines have the following advantages: they increase the bioavailability of insoluble drugs, they prolong drug circulation time in vivo, and they improve drug efficacy and reduce side effects.[@CIT0013]--[@CIT0015] It is noteworthy that nanomedicines can deliver both drugs to the tumor at the same time, which synchronizes the treatment of tumors with time and space.[@CIT0016] Moreover, the pharmacokinetics and distribution of nanomedicines in vivo depend on the nano-carriers, and are not associated with the properties of drugs. Therefore, nanomedicines represent a robust tool to deliver synergistic ratios of drugs to tumors.[@CIT0017],[@CIT0018]

In our previous studies, we successfully used nanoliposomes to deliver synergistic ratio of doxorubicin and SAL to liver cancer cells, resulting in superior therapeutic efficacy towards liver cancer compared to single-drug treatment with doxorubicin and SAL. However, nanoliposomes have severe disadvantages of quick drug release (\~80% drug release during the first 12 h), and our results showed that nanoliposomes could maintain synergistic drug ratio only for 12 h in vivo.[@CIT0006] In contrast, poly lactic-co-glycolic acid (PLGA) nanoparticles have a more rigid structure and show significantly slowed drug release from several days to several weeks. Further, PLGA nanoparticles possess good biocompatibility, and the polymer PLGA has been approved by US food and drug administration (FDA) for clinic use.[@CIT0019]--[@CIT0023] Furthermore, various strategies such as surface modification, newly synthesized and porous have been developed to improve PLGA nanoparticles.[@CIT0024]--[@CIT0026] D-α-Tocopheryl polyethylene glycol 1000 succinate (TPGS), a water-soluble derivative of natural vitamin E, has been approved by FDA as a safe pharmaceutical excipient, which can be used as emulsifier, solvent, and stabilizer in pharmaceutical preparations.[@CIT0027]--[@CIT0029] If TPGS is added to PLGA nanoparticles, it cannot only play a pore-forming agent role that may result in smaller particle size, higher drug encapsulation efficiency, and faster drug release but also play bioactive agent role that can inhibit P-glycoprotein to enhance the therapeutic effects of drugs in cancer. Zhu et al have used PLGA/TPGS nanoparticles to deliver DTX for enhanced chemotherapy against multi-drug resistant breast cancer.[@CIT0030]

In this study, the combination of docetaxel (DTX), a first-line chemotherapy drug for breast cancer, and salinomycin (SAL), which could selectively inhibit BCSCs was used to target both bulky breast cancer cells and BCSCs. BCSCs were isolated and enriched by serum-free suspension culture. The synergistic ratio of SAL and DTX in breast cancer cells and BCSCs were investigated using median-effect analysis. Then, PLGA/TPGS nanoparticles were used to maintain the synergistic combination of DTX and SAL to target both breast cancer cells and BCSCs. The cellular uptake and cytotoxicity of nanoparticles were evaluated in vitro, and the pharmacokinetics, tissue distribution, and anti-tumor and BCSCs activity of nanoparticles were determined in vivo. Our results showed that NSD could prolong the circulation time and maintain the synergistic ratio of SAL to DTX for 24 h in vivo, exhibiting better tumor targeting, and better anti-tumor and CSCs activity than other treatments.

Materials and Methods {#S0002}
=====================

Materials, Cell Culture, and Mice {#S0002-S2001}
---------------------------------

DTX was obtained from ShangHai Biochempartner Co., Ltd. (Shanghai, China). SAL, Coumarin-6, PLGA (50:50, MW 24,000--38,000 Da), TPGS, epidermal growth factor (EGF), basic fibroblast growth factor (bFGF), and insulin-transferrin-selenium (ITS) were purchased from Sigma-Aldrich (MO, USA). Dulbecco's modified Eagle's medium (DMEM) with high glucose, DMEM-F12, penicillin streptomycin, and phosphate-buffered saline were obtained from Thermo Scientific Hyclone (IL, USA). Fetal bovine serum (FBS), B27, StemPro Accutase Cell Dissociation Reagent, and trypsin-ethylenediaminetetraacetic acid solution were purchased from Invitrogen (CA, USA). The Cell Counting Kit 8 (CCK-8) was provided by Dojindo Laboratories (Kumamoto, Japan). DiR was obtained from Biotium (CA, USA). 4′,6-Diamidino-2-phenylindole (DAPI) was purchased from Beyotime Biotechnology (Shanghai, China).

The MCF-7 breast cancer cells were purchased from the Cell Culture Center of the Shanghai Institutes for Biological Sciences of the Chinese Academy of Sciences (Shanghai, China) and cultured in DMEM medium with 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin. To obtain MCF-7 mammospheres (MCF-7-MS), MCF-7 cells were plated at 1 × 10^4^ cells/mL in serum-free DMEM-F12, supplemented with 1× B27, 20 ng/mL EGF, 20 ng/mL bFGF, and 1× ITS. Mammospheres were enzymatically dissociated once a week by incubating in StemPro Accutase Cell Dissociation Reagent for 10 min at 37°C and plated at 1 × 10^4^ cells/mL. Before the experiment, all cells were passed through a 100-μm sieve (Becton Dickinson).

Sprague-Dawley (SD) rats (male, 200 ± 20 g) and BALB/c nude mice (female, 5 weeks, about 20 g) were purchased from Shanghai Experimental Animal Center of Chinese Academic of Sciences (Shanghai, China). All animal procedures were approved by the Committee on Animals of the Second Military Medical University. All animal procedures were performed in accordance with the guidelines of the Committee on Animal of the Second Military Medical University. Before use in experiments, the mice were allowed to acclimatize for a week.

Median-Effect Analysis of Drug Combinations {#S0002-S2002}
-------------------------------------------

The cytotoxic effects of SAL and DTX against MCF-7-MS and MCF-7 cells were measured by CCK-8. Briefly, the cells were seeded at a density of 5 × 10^3^ cells/well in 96-well plates and incubated overnight. Then, the cells were incubated with a series of varying concentrations of SAL/DTX for 48 h. The fixed molar ratios of SAL and DTX (9:1, 6:1, 3:1, 2:1, 1:1, 1:2, 1:3, 1:6, 1:9) were used for the combined study. Subsequently, 10 μL CCK-8 solution was added to each well and incubated for an additional 2 h, the absorbance of each well was measured by a Multiskan MK3 Microplate Reader (Thermo Scientific, USA) at 450 nm. Cell viability was calculated by the following formula: (\[AE -- AB\]/\[AC -- AB\]) × 100%. AE, AC, and AB were defined as the absorbance of experimental samples, untreated samples, and blank controls, respectively. The optimal synergistic molar ratio of SAL and DTX was calculated with the median-effect analysis by the CompuSyn software (Biosoft, Cambridge, UK). The occurrence of ratio-dependent synergy was determined by plotting the combination index (CI) (CI \< 1, synergy; CI ∼1, additivity; and CI \> 1, antagonism) versus the fraction of cells affected (Fa).

Preparation of Nanoparticles {#S0002-S2003}
----------------------------

The nanoprecipitation method was employed to generate nanoparticles as described previously.[@CIT0031] Briefly, 90 mg PLGA/TPGS mixture (with 20% TPGS percentage) was dissolved in 8 mL acetone and injected into 0.06% (w/v) TPGS aqueous solution under stirring overnight to completely volatilize acetone. Then, the nanoparticles were centrifuged and washed to remove excess TPGS and free drugs. The nanoparticles were suspended and freeze-dried for 48 h to generate nanoparticle powders. The nanoparticle powders were then dispersed into PBS before use. For the preparation of drug-loaded nanoparticles, the drug was dissolved along with PLGA/TPGS mixture and the fabrication process was exactly as described above. The following definitions were used: blank nanoparticles, NP; SAL-loaded nanoparticles, NS; DTX-loaded nanoparticles, ND; nanoparticles co-delivering SAL and DTX, NSD; Coumarin-6-loaded nanoparticles, NC; and DiR-loaded nanoparticles, NDiR.

Characterization of Nanoparticles {#S0002-S2004}
---------------------------------

The particle size and zeta potential of nanoparticles were investigated by dynamic light scattering using a Zetasizer Nano S (Malvern Instruments, UK). The morphology of nanoparticles was observed by transmission electron microscopy (TEM). Briefly, the nanoparticles were dropped onto a carbon-coated copper grid and dyed with 2% phosphotungstic acid solution for 5 mins. After air-drying, the samples were imaged using the Hitachi H-600 TEM (accelerating voltage of 200 kV). The drug loading and encapsulation efficacy (EE) of SAL and DTX in nanoparticles were determined by HPLC (L-2000, Hitachi, Japan) as described previously. The nanoparticle powders were fully dissolved in 1 mL of methanol to obtain a clear solution sample for analysis.

To investigate the in vitro drug release profile of NSD. Nanoparticle solution (5 mL) was transferred into a dialysis membrane (MWCO 10kDa, Spectra/Por^®^), which was soaked into a vial containing PBS (40 mL; pH 7.4 or 5.0) and incubated in a water bath at 37°C with gentle shaking (100 rpm). At predetermined time intervals (1, 2, 4, 6, 8, 12, 16, 24, 48, 72, 96, 120 and 240 h), a 1 mL aliquot of release buffer was taken and replaced with 1 mL of fresh PBS (pH 7.4 or 5.0). The amount of SAL and DTX in the release buffer was determined as described before. The release rate was calculated by the following formula: (Wn/Wtotal) × 100%. Wn was defined as the amount of accumulative released SAL or DTX, and Wtotal was defined as the total amount of SAL or DTX.

In vitro Cellular Uptake {#S0002-S2005}
------------------------

The cellular uptake of nanoparticles in MCF-7 cells or MCF-7-MS was examined by confocal laser scanning microscopy (CLSM, TCS-SP5, Leica, Germany). MCF-7 cells or MCF-7-MS were trypsinized and seeded on glass-bottom dishes overnight. Then, the cells were treated with free coumarin-6 or NC which had an equivalent concentration of coumarin-6 (1 μg/mL) for 1 h at 37°C. After incubation, the cells were washed with PBS three times and fixed with 4% paraformaldehyde for 10 min. Thereafter, the cells were stained with DAPI for 10 min and washed three times. Finally, the immunofluorescence of cells was observed by CLSM.

In vitro Cytotoxicity {#S0002-S2006}
---------------------

The cytotoxic effects of nanoparticles against MCF-7 cells or MCF-7-MS were evaluated by a CCK-8 assay as mentioned above. Briefly, the cells were seeded at a density of 5 × 10^3^ cells/well in 96-well plates and incubated overnight. Then, the medium was replaced with fresh medium containing varying concentrations of SAL, DTX, SAL + DTX, NP, NS, ND, NS + ND, or NSD and incubated for 48 h. Next, a 10 μL CCK-8 solution was added to each well to evaluate cytotoxicity. After incubation for about 2 h, the absorbance of each well was measured at 450 nm.

Pharmacokinetics {#S0002-S2007}
----------------

Fifteen SD rats (male, 200 ± 20 g) were randomly assigned to three groups (five rats per group). The rats were intravenously administered with SAL + DTX, NS + ND and NSD, equivalent to 2 mg/kg and 2.1 mg/kg of SAL and DTX respectively. At different time points, 500 μL of blood samples were collected from the fossa orbitalis vein into heparinized centrifuge tubes and immediately centrifuged at 12,000 rpm for 10 min to collect the plasma fraction. All plasma samples were pre-treated as previously described: For SAL, 50 μL of plasma was mixed with 90 μL of internal standard (fenofibrate, 1 μg/mL) and 10 μL of acetonitrile. After vortexing for 1 min, the sample was centrifuged at 12,000 rpm for 10 min, and 100 μL of the supernatant was separated for LC/MS analysis. Plasma concentrations of SAL were determined using an Agilent Technologies 1200 series LC/MS system (Agilent, USA) equipped with a Symmetry C18 column (3.0 × 100 mm, 3.5 μm, waters, USA). The mobile phase was composed of 90:10 (v/v) A/B, where A was acetonitrile, B was 2% (v/v) acetic acid in water containing 2 mM ammonium acetate, and the flow rate was 0.4 mL/min. Quantification was performed using SIM positive mode with SAL ion m/z 773.4 \[M+H\]+ and fenofibrate m/z 361.1 \[M+H\]+. The optimal mass parameters were as follows: Fragmentor, 70 eV; Dying Gas Flow Rate, 8 L/min; Nebulizer Pressure, 45 psig; Drying Gas Temperature, 350°C. For DTX, 100 μL of plasma was mixed with 25 μL of internal standard (paclitaxel, 1 μg/mL in methanol), vortexed for 1 min, and extracted by methyl tertiary-butyl ether. After vortexing for 1 min, the sample was centrifuged at 12,000 rpm for 10 min, and 450 μL of the supernatant was collected and evaporated under nitrogen flow at 40°C, the residual was dissolved in 50 μL methanol for LC/MS analysis. Plasma concentrations of SAL were determined using an Agilent Technologies 1200 series LC/MS system (Agilent, USA) equipped with a Symmetry C18 column (3.0 × 100 mm, 3.5 μm, waters, USA). The mobile phase was composed of 70:30 (v/v) A/B, where A was methanol, B was 0.1% (v/v) formic acid in water containing 2 mM ammonium acetate, and the flow rate was 0.3 mL/min. Quantification was performed using SIM positive mode with DTX ion m/z 829.8 \[M+Na\]+ and paclitaxel m/z 875.8 \[M+Na\]+. The optimal mass parameters were as follows: Dying Gas Flow Rate, 10 L/min; Nebulizer Pressure, 35 psig; Drying Gas Temperature, 35°C; Capillary Voltage, positive 4000 V. Pharmacokinetics parameters were calculated using the DAS 2.0 software.

In vivo Tissue Distribution {#S0002-S2008}
---------------------------

For the analysis of the in vivo tissue distribution of nanoparticles, DiR was used as a fluorescence probe. BALB/c nude mice (female, 5 weeks, about 20 g) were inoculated via orthotopic injection on the left side of the mammary fat pad with 1 × 10^6^ MCF-7 cells. When the tumor volume reached \~150 mm^3^, the mice were randomly assigned to three groups: saline, free DiR, and NDiR. All the formulations were injected via tail vein as a single dose (10 μg DiR per mouse). The mice were anesthetized with isoflurane, and in vivo fluorescence images were observed by a MAESTRO in vivo imaging system (Maestro, MA, USA) at predetermined time points (2, 4, 6, 8, 12, and 24 h). After 24 h, the mice were sacrificed, and tumors, as well as other organs, were excised and imaged. The fluorescence imaging conditions were as follows: in vivo exposure time 6000 ms; in vitro exposure time 3000 ms; scanning wavelength 700--950 nm; excitation/emission wavelengths 745/810 nm.

In vivo Anti-Tumor Assays {#S0002-S2009}
-------------------------

The therapeutic effects of the nanoparticles in vivo were performed in MCF-7 cells derived subcutaneous tumor model. BALB/c nude mice (female, 5 weeks, about 20 g) were inoculated via orthotopic injection on the right side of the mammary fat pad with 1 × 10^6^ MCF-7 cells. When the tumor volume reached \~50 mm^3^, the mice were randomly assigned to nine groups (six mice per group): saline, SAL, DTX, SAL + DTX, NP, NS, ND, NS + ND, and NSD. At days 8, 11, 14, 17, 20 and 23, all the formulations were injected via tail vein at the doses of SAL and DTX equivalent to 2 and 2.1 mg/kg, respectively, to maintain a synergistic ratio. After the sixth treatment, mice were observed for another 2 weeks. Tumors were measured using a caliper and mice were weighed every 3 days. The tumor volume (V) was calculated using the following formula: V= (L× W2)/2 (L: length; W: width). The body decrease rate (BDR) was calculated using the following formula: BDR= \[(Wf - Wi)/Wf\] × 100%. Wi and Wf were defined as the initial body weight before treatment and final body weight after treatment, respectively. On day 37, mice were euthanized, and excised tumors were weighted. The tumor inhibitory rate (TIR) was calculated using the following formula: TIR = \[(Wc - We)/Wc\] × 100%. Wc and We were defined as the tumor weight of the control group and experiment groups, respectively.

in vivo Anti-CSCs Activity {#S0002-S2010}
--------------------------

The tumors were excised for CSCs examination. The ability of MCF-7 tumor cells to form tumorspheres was used to evaluate the effect of drugs on the proportion of BCSCs in vivo. Briefly, after sterilizing by 75% ethanol for 5 mins and washing with PBS, the excised tumors were cut into small pieces with a volume of about 1 mm^3^, and digested with collagenase I solution (1 mg/mL) at 37°C for 15 min, shaking every 5 mins. After then, the cells were filtered through a 40 μm cell strainer and washed with PBS. The cells were then resuspended in DMEM with 10% FBS and incubated overnight at 37°C. After adherence, the cells were trypsinized and resuspended in serum-free medium and seeded in 12-well plate with a density of 1000 cells/well. After 7 days, the formation of mammospheres in each group was statistically analyzed and photographed.

Statistical Analysis {#S0002-S2011}
--------------------

Data in this study were analyzed using SPSS 13.0 software (SPSS, Inc., IL, USA). Student's unpaired *t*-test and one-way analysis of variance with Dunnett's or Newman Keul's post-tests were used. Differences with p values of less than 0.05 indicated significance. \*P \< 0.05; \*\*P \< 0.01; \*\*\*P \< 0.001; n.s. represents not significant (P \> 0.05).

Results {#S0003}
=======

In vitro Screening of SAL and DTX for Synergy {#S0003-S2001}
---------------------------------------------

To screen the synergistic ratio of SAL and DTX, the median effect analysis described by Chou and Talaly was used.[@CIT0032] First, the cytotoxicity of SAL and DTX was evaluated in MCF-7 cells and MCF-7-MS. Both showed concentration-dependent cytotoxicity towards MCF-7 cells and MCF-7-MS ([Figure 1A](#F0001){ref-type="fig"} and [B](#F0001){ref-type="fig"}). SAL showed much enhanced cytotoxicity against MCF-7-MS compared to MCF-7 cells (p \< 0.05), whereas DTX showed much enhanced cytotoxicity against MCF-7 cells compared to MCF-7-MS (p \< 0.05).Figure 1The cytotoxicity of SAL and DTX in MCF-7 cells and MCF-7-MS. The concentration-dependent cytotoxicity induced by SAL (**A**) and DTX (**B**) in MCF-7 cells and MCF-7-MS at 48 h. In vitro screening of SAL and DTX for synergy in MCF-7 cells (**C**) and MCF-7-MS (**D**) as a function of the SAL/DTX ratio and drug concentrations. Fraction affected means the fraction of the cell that was killed. CI values of \< 1, = 1, and \> 1 indicate synergy, additivity, and antagonism, respectively. Data are presented as means ± standard deviations (n = 3).

Subsequently, the cytotoxicity of various ratios and concentrations of SAL and DTX was determined to achieve an optimal synergistic ratio ([Figure 1C](#F0001){ref-type="fig"} and [D](#F0001){ref-type="fig"}, [Tables 1](#T0001){ref-type="table"} and [2](#T0002){ref-type="table"}). All selected ratios exhibited synergistic effects in most concentrations. Evidence of significant variation of CI as a function of drug ratio was observed, at high drug concentrations (high fa) for MCF-7 cells ([Figure 1C](#F0001){ref-type="fig"}), and at low drug concentrations (low fa) for MCF-7-MS ([Figure 1D](#F0001){ref-type="fig"}). Notably, the CI values for the SAL/DTX molar ratio of 2:1 and 1:1 were less than 1 at every drug concentrations in MCF-7 cells and at almost all concentrations in MCF-7-MS. Considering the severe side toxicity of SAL, we chose SAL/DTX molar ratio of 1:1 as the synergistic ratio for the following experiments.Table 1The CI Value of the Different Molar Ratios of SAL/DTX in MCF-7 CellsFaS/D9/16/13/12/11/11/21/31/61/90.050.0240.0360.0160.0940.0900.0010.1200.0033.1550.100.0430.0610.0300.1130.1230.0030.1610.0082.4680.150.0620.0850.0460.1460.1480.0060.1940.0142.1190.200.0820.1080.0620.1720.1710.0090.2230.0221.8900.250.1030.1330.0800.1940.1930.0140.2500.0311.7190.300.1260.1580.1010.2140.2140.0190.2770.0421.5830.350.1510.1860.1230.2330.2350.0250.3030.0551.4680.400.1790.2160.1490.2520.2560.0330.3300.0721.3690.450.2100.2500.1790.2720.2790.0430.3580.0921.2790.500.2470.2880.2130.2910.3030.0560.3880.1171.1980.550.2900.3310.2550.3120.3290.0720.4200.1501.1210.600.3410.3830.3060.3350.3570.0940.4560.1921.0480.650.4050.4450.3700.3590.3900.1240.4970.2490.9770.700.4850.5220.4530.3860.4280.1660.5440.3290.9060.750.5930.6230.5660.4180.4750.2300.6020.4460.8340.800.7460.7630.7310.4560.5350.3330.6750.6330.7590.850.9850.9740.9970.5030.6170.5210.7750.9680.6770.901.4251.3491.5030.5670.7460.9460.9331.4990.5810.952.5862.2832.9200.6650.8942.4771.2572.2160.4550.973.9513.3184.6820.7621.0114.9141.5544.0490.382 Table 2The CI Value of the Different Molar Ratios of SAL/DTX in MCF-7-MSFaS/D9/16/13/12/11/11/21/31/61/90.050.0410.0450.0100.0860.1120.1721.3301.6982.6500.100.0560.0600.0150.1030.1450.2051.1061.1692.2120.150.0920.0960.0280.1360.1790.2710.8540.6931.7240.200.1310.1310.0420.1620.2030.3250.7280.5021.4790.250.1710.1660.0570.1860.2340.3720.6460.3941.3180.300.2130.2020.0740.2080.2630.4170.5850.3221.1990.350.2600.2410.0920.2300.2920.4600.5360.2701.1040.400.3110.2820.1130.2520.3210.5040.4960.2311.0240.450.3680.3280.1360.2740.3500.5490.4600.1990.9540.500.4330.3780.1640.2980.3810.5950.4290.1720.8920.550.5080.4350.1950.3220.4130.6450.4000.1500.8350.600.5950.5010.2330.3490.4490.6980.3740.1300.7820.650.7010.5790.2800.3790.4880.7580.3480.1130.7310.700.8310.6720.3380.4130.5330.8250.3240.0970.6810.750.9960.7890.4140.4520.5850.9040.2990.0830.6320.801.2170.9420.5180.5000.6490.9990.2740.0700.5820.851.5301.1530.6690.5600.7301.1210.2480.0570.5290.902.0201.4730.9110.6440.8431.2880.2200.0450.4720.952.9222.0401.3750.7751.0191.5490.1880.0320.4050.974.3023.4512.6701.0441.3852.0870.1450.0190.317

Characterization of Nanoparticles {#S0003-S2002}
---------------------------------

In this research, chemotherapeutic drugs SAL and DTX were successfully co-encapsulated in PLGA/TPGS nanoparticles through the nano-precipitation method. As shown in [Table 3](#T0003){ref-type="table"}, the particle size of all nanoparticles was less than 150 nm, with a relatively narrow polydispersity index (PDI), indicating that the nanoparticles have uniform size distribution and good dispersion. The zeta potential of all nanoparticles was about −25 mV, which may contribute to high stability and long circulation in vivo. The EE of all nanoparticles varied from 53.28% to 84.96%, with a drug loading from 4.08% to 5.48%. NSD had a small size of 73.83 nm with a relatively narrow PDI of 0.193, and zeta potential of −25.7 ± 2.03 mV ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}). TEM images showed that NSD was uniform and round with a size of about 50 nm ([Figure 2C](#F0002){ref-type="fig"}).Table 3Characterization of NanoparticlesNanoparticlesSize (nm)PDIZeta Potential (mV)EE (%) S/DDrug Loading (%) S/DNP135.30±6.350.115±0.011−23.9±0.74NS62.86±2.470.211±0.034−28.7±1.6656.35±5.714.79±0.62ND128.03±5.880.075±0.007−24.6±1.5284.96±1.275.48±0.43NSD73.83±3.590.193±0.021−25.7±2.0353.28±8.96/82.30±6.124.08±0.86/4.12±0.71 Figure 2Characterization of nanoparticles. Size distribution (**A**) and zeta potential of nanoparticles (**B**), as determined by dynamic light scattering. The TEM image of nanoparticles (**C**). Bars represent 100 nm. One representative image is shown. The cumulative release of SAL or DTX from nanoparticles at pH 7.4 (**D**) and 5.0 (E). Data are presented as means ± standard deviations (n = 3).

The in vitro drug release profile of NSD was evaluated at pH 5.0 and 7.4 ([Figure 2D](#F0002){ref-type="fig"} and [E](#F0002){ref-type="fig"}). The release profiles were similar at pH 5.0 and pH 7.4. The release of SAL and DTX could reach a plateau after 5 days. The cumulative release rates of SAL and DTX after 10 days achieved 68.19 ± 2.13% and 65.43 ± 1.43% respectively at pH 5.0, and 64.28 ± 1.21% and 60.52 ± 1.37% respectively at pH 7.4. The release rate of SAL and DTX was slightly faster at pH 5.0 than pH 7.4, which may be helpful in facilitating drug release in tumors. Notably, the release profiles of SAL were similar to that of DTX, and the release rates of SAL and DTX could be maintained in synergistic ratio of 1:1 in vitro.

In vitro Cellular Uptake of Nanoparticles {#S0003-S2003}
-----------------------------------------

To investigate the cellular uptake of nanoparticles in MCF-7 cells and MCF-7-MS, coumarin-6 was used as a fluorescence probe and loaded into the nanoparticles. The cellular uptake profile of NC was observed by CLSM. Compared to free coumarin-6, NC showed much-enhanced internalization, reflected by the increasing green fluorescence of coumarin-6 in both MCF-7 cells and MCF-7-MS ([Figure 3](#F0003){ref-type="fig"}). The results suggest that nanoparticles could enhance the internalization of drugs in both breast cancer cells and BCSCs.Figure 3In vitro cellular uptake of nanoparticles. MCF-7 cells (**A**) and MCF-7-MS (**B**) were treated with coumarin-6 and NC after 1 h, followed by staining with DAPI for nuclei. The green fluorescence of coumarin-6 and blue fluorescence of DAPI were analyzed by a confocal laser scanning microscopy. Bars represent 75 μm.

In vitro Cytotoxicity of Nanoparticles {#S0003-S2004}
--------------------------------------

The cytotoxicity of NP was evaluated in MCF-7 cells and MCF-7-MS. The results showed that NP had no significant cytotoxicity to both MCF-7 cells and MCF-7-MS at a polymer concentration from 1--666.67 μM (corresponding to the concentration of SAL and DTX used in the cytotoxicity). This was as reflected by the fact that the cell viability exceeded 90%, even at the highest polymer concentration, indicating the safety of the drug delivery system (The data are not shown). In addition, in vitro cytotoxicities of free drugs or drug combinations, and nanoparticles or nanoparticle combinations were evaluated in MCF-7 cells and MCF-7-MS ([Figure 4](#F0004){ref-type="fig"} and [Table 4](#T0004){ref-type="table"}). All drugs showed concentration-dependent cytotoxicities. In MCF-7 cells, the IC50 of SAL + DTX was significantly lower than that of SAL (p \< 0.001) or DTX (p \< 0.05), and the IC50 of NSD was significantly lower than that of NS (p \< 0.001) or ND (p \< 0.05). This suggests that combination therapy was superior compared to monotherapy ([Figure 4A](#F0004){ref-type="fig"} and [C](#F0004){ref-type="fig"}). A similar result was obtained in MCF-7-MS, except that the IC50 values of NS and ND were significantly lower than that of SAL (p \< 0.05) and DTX (p \< 0.05), and the IC50 values of NS + ND and NSD were significantly lower than that of SAL + DTX (p \< 0.05). This suggests that encapsulation of drugs by nanoparticles could enhance the cytotoxicity of free drugs. Also, the IC50 of NSD was significantly lower than that of NS + ND (p \< 0.05), indicating that nanoparticles for co-delivery showed enhanced cytotoxicity against MCF-7-MS as compared to the combination of the two types of nanoparticles ([Figure 4B](#F0004){ref-type="fig"} and [D](#F0004){ref-type="fig"}).Table 4IC50 Values of Free Drugs and Drug Loading Nanoparticles Towards MCF-7 Cells and MCF-7-MS at 48 hFormulations (μM)MCF-7 (S/D)MCF-7-MS (S/D)SAL14.6520±1.25223.8340±1.1293DTX0.0151±0.00360.0785±0.0171SAL+DTX0.0068±0.0023/0.0253±0.0103^c^/NS2.6760±0.51740.0745±0.0152ND0.0140±0.0034^a^0.0247±0.0104NS+ND0.0052±0.0024/0.0042±0.0011/NSD0.0031±0.0012^b^/0.0014±0.0007^d^/[^2] Figure 4The concentration-dependent cytotoxicity induced by nanoparticles in MCF-7 cells (**A, C**) or MCF-7-MS (**B, D**). The cells were incubated for 48 h with varying concentrations of nanoparticles or free SAL or DTX, and the cell viability was evaluated by CCK-8 assays. Data are presented as means ± standard deviations (n = 3).

Pharmacokinetics {#S0003-S2005}
----------------

The pharmacokinetic profiles of SAL + DTX, NS +ND, and NSD are shown in [Figure 5](#F0005){ref-type="fig"}. The physical pharmacokinetic parameters were calculated using the non-compartment model. In the metabolic process of SAL, plasma half-life (t1/2) of SAL in NSD formulation increased by more than 1.2-fold and 2.3-fold compared to NS + ND (p \< 0.05) and SAL + DTX (p \< 0.01), respectively. The clearance (CL) of NSD and NS + ND was significantly less than that of SAL + DTX (p \< 0.01). The area under the curve (AUC) for NSD and NS + ND was 2.5-fold and 3.2-fold higher than that of SAL + DTX (p \< 0.01) respectively ([Table 5](#T0005){ref-type="table"}). Similarly, in the process of DTX metabolism, t1/2 of NSD and NS + ND was significantly more than that of SAL + DTX (p \< 0.01). The CL of DTX in NSD formulation decreased by more than 1.2-fold and 4.2-fold compared to NS + ND (p \< 0.05) and SAL + DTX (p \< 0.01), respectively. The AUC for NSD was 1.2-fold and 4.2-fold higher than that of NS + ND (p \< 0.05) and SAL + DTX (p \< 0.01) respectively. The volume of distribution (V) for NSD was 1.2-fold and 2.2-fold less than that of NS + ND (p \< 0.05) and SAL + DTX (p \< 0.01) respectively, indicating that DTX showed greater retention in plasma when loaded into PLGA/TPGS nanoparticles ([Table 6](#T0006){ref-type="table"}). These results demonstrated that nanoparticles could prolong circulation time and increase the concentrations of SAL and DTX in vivo.Table 5Pharmacokinetic Parameters of SAL After I.v. Injection of SAL+DTX，NS+ND and NSD at a Dose of 2 mg/KgParametersUnitFormulationsSAL+DTXNS+NDNSDt~1/2~h2.651±0.2015.040±0.427^b^6.311±0.218^a,c^VL/kg2.522±0.7891.495±0.4842.376±0.660CLL/h/kg0.659±0.1250.206±0.039^b^0.261±0.059^a^AUC~(0-∞)~µg/L•h3033.675±356.3039727.474±1111.997^b^7667.683±1105.618^a^[^3][^4] Table 6Pharmacokinetic Parameters of DTX After I.v. Injection of SAL+DTX，NS+ND and NSD at a Dose of 2.1 mg/KgParametersUnitFormulationsSAL+DTXNS+NDNSDt~1/2~h3.043±0.0745.731±0.135^b^5.804±0.515^a^VL/kg6.018±0.6433.313±0.736^b^2.709±0.752^a,c^CLL/h/kg1.370±0.1750.401±0.082^b^0.323±0.067^a,c^AUC~(0-∞)~ug/L•h1532.356±112.4785241.877±669.769^b^6493.168±848.872^a,c^[^5][^6] Figure 5The pharmacokinetic studies after i.v. injection of SAL + DTX, NS + ND and NSD (2 mg/kg SAL and 2.1 mg/kg DTX) to SD rats via tail vein. Mean plasma concentration versus time of SAL (**A**) or DTX (**B**). Data are presented as means ± standard deviations (n = 5).

Next, we examined the changes in the molar ratio of SAL to DTX in vivo over time ([Figure 6](#F0006){ref-type="fig"}). The starting mole ratio of SAL to DTX was 1:1. We found that the molar ratio of SAL to DTX in NSD could be maintained in the range of 1:1--2:1 within 24 h, in accordance with the synergistic ratio of SAL to DTX determined by in vitro cytotoxicity. However, the ratio of SAL to DTX in SAL + DTX and NS + ND was out of balance. Therefore, NSD can maintain the metabolic ratio of SAL and DTX better than NS + ND. This showed the advantage of NSD as a co-loading formulation to maintain the metabolism of two drugs at a similar rate.Figure 6The mole ratio of SAL and DTX in plasma after i.v. injections of SAL + DTX, NS + ND and NSD (2 mg/kg SAL and 2.1 mg/kg DTX) to SD rats. Data are presented as means ± standard deviations (n = 5).

In vivo Tissue Distribution {#S0003-S2006}
---------------------------

To evaluate the tissue distribution of nanoparticles in vivo, the mice bearing subcutaneous MCF-7 tumors were treated with saline, free DiR, and NDiR via the tail vein. The real-time images showed that NDiR could reach and accumulate in the tumor site in a relatively short time (about 2 h), and the accumulation increased with an increase in time, reaching the maximum at 24 h. However, no obvious DiR signals were observed in free DiR ([Figure 7A](#F0007){ref-type="fig"}). The ex vivo fluorescent images of excised tumors and organs further demonstrated that NDiR mainly accumulated in the liver, the spleen, the lung, the kidney, and the tumor, with most accumulation observed in the tumor, while free DiR mainly accumulated in the liver, the spleen, and the lung, without accumulation observed in the tumor ([Figure 7B](#F0007){ref-type="fig"}). Accumulation of nanoparticles in the liver and the spleen may be related to the reticuloendothelial phagocytosis system of the organ. Moreover, nanoparticles have a good sustained-release function and contain TPGS which can inhibit the efflux of P-gp, and reverse tumor multidrug resistance (MDR), thereby increasing the uptake of drugs at the tumor site by the EPR effect. These results indicated that NDiR accumulated more effectively in breast tumors.Figure 7Tissue distribution in vivo. BALB/c nude mice bearing MCF-7 breast cancer-derived tumors were given tail vein injections of saline, free DiR, or NDiR. Time-dependent in vivo images of mice after treatment with formulations (**A**). Ex vivo images of tumors and other organs at 24 h post-injection of the formulations (**B**).

In vivo Anti-Tumor Assays {#S0003-S2007}
-------------------------

The anti-tumor efficacy of various formulations was evaluated in mice bearing subcutaneous MCF-7 tumors ([Figure 8](#F0008){ref-type="fig"}). First, all formulations, except NP and SAL, significantly reduced the tumor volume compared to saline (p \< 0.05), indicating a significant tumor inhibition effect. Notably, NSD showed the best anti-tumor effect compared to all other formulations (P \< 0.05, [Figure 8A](#F0008){ref-type="fig"} and [B](#F0008){ref-type="fig"}). Next, the tumors were excised and weighed, and the tumor inhibitory rate was calculated at the endpoint, which is consistent with the above data ([Figure 8C](#F0008){ref-type="fig"}--[E](#F0008){ref-type="fig"}). In addition, the changes in body weights of mice were measured to assess the systemic toxicity of all formulations ([Figure 8F](#F0008){ref-type="fig"}). The body weight of DTX and SAL + DTX showed a significant decline trend, indicating that both DTX and SAL had significant toxicity and side effects on the body, while the body weight of other groups did not decrease, suggesting that nanoparticles had good biocompatibility. These results suggested that NSD had significant anti-tumor activity and minimal systemic toxicity against MCF-7 xenografts.Figure 8Therapeutic effects of nanoparticles in mice bearing subcutaneous MCF-7 tumors. Mice were treated with intravenous injections of the nanoparticles or free drugs (SAL 2 mg/kg; DTX 2.1 mg/kg) via the tail vein. Tumor growth curves (**A**). The enlarged profiles of DTX, SAL + DTX, ND, NS + ND and NSD on the growth of tumors (**B**). Images of excised tumors in each group at the endpoint (**C**). The excised tumors were weighed at the endpoint (**D**). \*p \< 0.05; \*\*p \< 0.01. Body weight change rate and tumor inhibitory rate after treatment of different formulations (**E**). Weight changes in mice during the treatment (**F**). Data are presented as means ± standard deviations (n = 6).

In vivo Anti-CSCs Activity {#S0003-S2008}
--------------------------

To investigate the anti-CSCs activity in vivo, the population of BCSCs in the excised tumors was measured by mammosphere formation assays ([Figure 9](#F0009){ref-type="fig"}). The number and size of the mammosphere in each group containing SAL were smaller than saline (p \< 0.05), indicating that SAL could selectively inhibit BCSCs. In contrast, the number of mammospheres increased in DTX and ND while the size reduced. This indicates that DTX can selectively kill normal breast cancer cells, resulting in an increase in the proportion of BCSCs. Notably, the number and size of mammosphere were significantly smaller in NSD and NS + ND than the single nanoparticle and SAL + DTX (p \< 0.05), indicating that co-delivery of drugs through nanoparticles is more effective in eradicating BCSCs.Figure 9In vivo anti-CSCs activity. Image of tumorspheres of excised tumors (**A**). Tumorsphere-forming efficiency of excised tumor cells (**B**). Data are presented as means ± standard deviations (n = 3). \*p \< 0.05; \*\*p \< 0.01; \*\*\*p \< 0.001.

Discussion {#S0004}
==========

The current interest in cancer research is shifting from monotherapy to combination therapy. Several combination therapies can improve the therapeutic effects of cancer, such as chemo-photothermal therapy, which converts light into heat and improves the efficacy of chemotherapeutic drugs.[@CIT0033],[@CIT0034] Our strategy is to combine two chemotherapeutic drugs simultaneously for bulky breast cancer cells and BCSCs, which can maximize the therapeutic efficacy of chemotherapy and minimize the MDR without special laser excitation.[@CIT0010],[@CIT0035]--[@CIT0038] In this study, we chose DTX and SAL for combination therapy to enhance the therapeutic effect of breast cancer. Our results showed that NSD could prolong the circulation time and maintain the synergistic ratio of SAL to DTX for 24 h in vivo, exhibiting better tumor targeting, and anti-tumor and CSCs activity than other treatment strategies.

The selection of chemotherapeutics is critically important for the superior activity of our combined therapy. DTX, a first-line chemotherapy drug for breast cancer, can form stable non-functional microtubule bundles by enhancing the polymerization of tubulin and inhibiting the depolymerization of microtubules, thereby disrupting mitosis in tumor cells and arresting cell cycle at G2/M phase.[@CIT0039] SAL is a kind of polyether ionophore antibiotic, which can inhibit and kill most Gram-positive bacteria and coccidiosis. A study published in Cell in 2009 reported that SAL could selectively inhibit BCSCs.[@CIT0040] In addition, SAL can increase the sensitivity of tumor cells to chemotherapy drugs by preventing G2 phase arrest and increasing DNA damage. Our previous studies showed that SAL could significantly inhibit the growth of liver CSCs both in vitro and in vivo.[@CIT0041],[@CIT0042] Therefore, SAL represents a promising drug against various kinds of CSCs. Thus, in this study, we chose the combination of DTX and SAL, which could target both bulky breast cancer cells and BCSCs as a promising strategy to increase the therapeutic efficacy of breast cancer. However, the combination of multiple drugs could interact synergistically, additively, and even antagonistically, depending on the drug ratio. Therefore, it is crucial to optimize the drug ratio using the median-effect analysis to obtain a synergistic effect. Our previous studies had particularly focused on the ratio of drug combinations, and we obtained a superior therapeutic efficacy.[@CIT0006],[@CIT0043] In this study, we rigorously examined the optimal ratio of DTX, and SAL needed for synergism. The CI values of SAL/DTX molar ratio of 2:1 and 1:1 were less than 1 at every drug concentration in MCF-7 cells and at almost all concentrations in MCF-7-MS. Considering the severe toxicity of SAL, we chose SAL/DTX molar ratio of 1:1 as the synergistic ratio. The determination of the synergistic ratio of DTX and SAL was important for their performance of synergistic effects.

At present, the combination therapy in the clinic is mainly based on the co-administration of conventional dosage forms, but the outcome is still unsatisfactory due to poor water solubility and bioavailability, short elimination half-life, the difference in pharmacokinetics and bio-distribution of chemotherapeutic drugs, etc. More importantly, the synergistic ratio of drugs is difficult to maintain and thus the therapeutic efficacy of the combined therapy is hard to predict. How to overcome the different pharmacokinetic characteristics of multiple drugs and deliver them simultaneously to the tumor site in a synergistic ratio will be the key to combined chemotherapy. Nanomedicines could provide a new idea for solving the problem of a drug combination strategy.[@CIT0044],[@CIT0045] Currently, there are usually two approaches for combination therapy based on nanomedicines: the co-administration of two single drug-loaded delivery systems and the co-delivery of two drugs in a single delivery system. The use of two individual nanomedicines can be flexibly administered at different doses and times, but it is difficult to achieve synchronizing pharmacokinetics and bio-distribution to maintain the synergistic ratio of drugs in the tumor sites. In contrast, co-delivery in nanomedicine can unify the pharmacokinetics of co-encapsulated drugs, which are of great significance in achieving the synergistic effect.[@CIT0046] In our previous study, we have demonstrated that simultaneously co-delivering of two drugs to the tumor via a single nanoliposome could better maintain the synergistic drug ratio in vivo than the co-administration of two single drugs and drug-loaded nanoliposomes. However, the poor ability of nanoliposomes to maintain the synergistic drug ratio should be improved.[@CIT0006] In this study, we developed the PLGA/TPGS nanoparticle for co-delivering of DTX and SAL to improve the ability to maintain synergistic drug ratios. The data presented here confirmed that NSD was efficiently bound and delivered to both breast cancer cells and BCSCs. Upon cell binding, NSD was readily internalized and it released drugs to the cytoplasm, resulting in enhanced growth-inhibitory effect compared to single-drug treatment, and a combination of two nanoparticles. This suggests that co-delivery of drugs through nanoparticles may better exert synergistic effect than the combination of two distinct nanoparticles. The tissue distribution further demonstrated significant uptake of DiR loaded nanoparticles in breast cancer in vivo. The in vivo results showed that the molar ratio of SAL to DTX in NSD could be maintained in the range of 1:1--2:1 within 24 h. Compared to nanoliposomes which we had reported in previous study, the fluctuation of drug ratio reduced, and the time of maintaining the synergistic drug ratio was prolonged significantly. Consistently, NSD showed the best anti-tumor and anti-CSCs activity, and minimal systemic toxicity against MCF-7 xenografts. Summarily, we have demonstrated for the first time that nanoparticles for co-delivery of a conventional chemotherapy drug and an anti-CSCs drug could maintain a synergistic ratio for 24 h in vivo and showed superior therapeutic efficacy towards both breast cancer cells and CSCs.

The nanoparticles we developed could be considered as another strength. Poly lactic-co-glycolic acid (PLGA) is a kind of biodegradable organic polymer polymerized by lactic acid and glycolic acid monomers. The degradation products of PLGA are lactic acid and glycolic acid, which are also by-products of the metabolic pathway in human body. Therefore, PLGA has good biocompatibility, biodegradability, and modifiability, and it is widely used as carrier material for tumor targeting delivery systems.[@CIT0020] However, it requires a long degradation time in vivo due to its compaction structure. Therefore, various strategies such as surface modification, newly synthesized and porous have been developed to improve the PLGA nanoparticles.[@CIT0030],[@CIT0047],[@CIT0048] In recent years, many studies have found that TPGS has many unique characteristics, such as absorption enhancer, mucosal immune adjuvant, and multi-drug resistance reversal property. TPGS can also be used as precursor drugs, micelles, and liposomes to improve the solubility, permeability, and stability of the preparation; thus, achieving sustained, controlled release and targeting effects.[@CIT0027],[@CIT0049] In this study, we used TPGS as a pore-forming agent to improve the performance of PLGA nanoparticles. The advantages of PLGA/TPGS nanoparticles are that both PLGA and TPGS are FDA-approved materials with good biocompatibility. In addition, unlike PLGA-PEG nanoparticles, PLGA/TPGS nanoparticles do not require the synthesis of new compounds and can be physically mixed directly. Therefore, they have good prospects for expanding production in the future.

Conclusion {#S0005}
==========

In this study, PLGA/TPGS nanoparticles were prepared by co-encapsulating DTX and SAL. This allowed the simultaneous delivery of the two drugs at a synergistic ratio to the tumor site and to target both breast cancer cells and BCSCs. The results obtained from both in vitro and in vivo studies demonstrated that co-delivery of DTX and SAL in a single PLGA/TPGS nanoparticle could effectively inhibit the proliferation of breast cancer cells and BCSCs. This indicates that this is a promising strategy for breast cancer treatment. To the best of our knowledge, this is the first-time nanoparticles were constructed for co-delivery of conventional chemotherapy and anti-CSCs drugs, which could maintain a synergistic ratio for 24 h in vivo to eliminate both cancer cells and CSCs. Our study presents the possibility of using nanoparticles for co-delivery of chemotherapy and anti-CSCs drugs in a synergistic ratio to target cancer cells and CSCs.
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[^2]: **Notes:** The IC50 values between groups was compared by Student's *t*-test. MCF-7 cells: ^a^ND v.s DTX, p\<0.05; ^b^NSD v.s ND, p\<0.05; MCF-7-MS: ^c^SAL+DTX v.s DTX, p\<0.05; ^d^NS+ND v.s NSD, p\<0.05 (n=3).

[^3]: **Notes:** ^a^NSD v.s SAL+DTX, p\<0.01; ^b^NS+ND v.s SAL+DTX, p\<0.01; ^c^NSD v.s NS+ND, p\<0.05 (n=5).

[^4]: **Abbreviation:** AUC~(0-∞)~, area under curve.

[^5]: **Notes:** ^a^NSD v.s SAL+DTX, p\<0.01; ^b^NS+ND v.s SAL+DTX, p\<0.01; ^c^NSD v.s NS+ND, p\>0.05 (n=5).

[^6]: **Abbreviation:** AUC~(0-∞)~, area under curve.
